This study examined the predictive validity of accelerometers (ACC) to estimate physical activity intensity (PAI) across age and differences in intensity predictions when expressed in relative and absolute PAI terms. Ninety adults categorized into 3 age groups (20)(21)(22)(23)(24)(25)(26)(27)(28)(29)(40)(41)(42)(43)(44)(45)(46)(47)(48)(49), and 60-69 yr) completed a treadmill calibration study with simultaneous ACC (7164 Actigraph) and oxygen-consumption assessment. Results revealed strong linear relations between ACC output and measured PAI (R 2 = .62-.89) across age and similar ACC cut-point ranges across age delineating absolute PAI ranges compared with previous findings. Comparing measured metabolic equivalents (METs) with estimated METs derived from previously published regression equations revealed that age did not affect predictive validity of ACC estimates of absolute PAI. Comparing ACC output expressed in relative vs. absolute terms across age revealed substantial differences in PAI ACC count ranges. Further work is warranted to increase the applicability of ACC use relative to PAI differences associated with physiological changes with age.
Statistics and trends describing relationships between physical activity and health and prevalence rates of physical activity have been based largely on selfreport physical activity surveys and questionnaires because of their feasibility in large-scale studies. In the literature it has been established that self-report physical activity surveys and questionnaires can accurately account for vigorous activity Richardson, Ainsworth, Jacobs, & Leon, 2001; Strath, Bassett, & Swartz, 2004) but are unable to accurately quantify more ubiquitous activities typically classified as light-to moderate-intensity activities LaMonte & Ainsworth, 2001; Strath et al.) that occur throughout the day. As such, there is a strong need to explore other physical activity assessment devices that can accurately predict different levels of physical activity intensity (PAI). Numerous reviews have been published on the strengths and limitations of objective physical activity monitoring and, specifically, the use of accelerometers Chen & Bassett, 2005; Matthew, 2005; Westerterp, 1999) . Overall,
The authors are with the Dept. of Human Movement Sciences, University of Wisconsin-Milwaukee. an accelerometer can assess the frequency, intensity, and duration of movement. An accelerometer "count" represents an intensity of movement over a user-specified period of time. Researchers have developed regression relationships between accelerometer counts and criterion assessments of physical activity to allow for estimates of physical-activity-related energy expenditure and time spent in various absolute intensities of physical activity. The regression "cut point" approach to delineate different absolute PAIs (i.e., <3, 3-6, and >6 metabolic equivalents [MET] ; 1 MET = 3.5 ml O 2 · kg -1 · min -1 ) is perhaps the most commonly employed method for using accelerometer data, with other analytical approaches also gaining in popularity (Crouter, Clowers, & Bassett, 2006) . Freedson, Melanson, and Sirard (1998) were one of the first groups to establish regression formulas relating accelerometer counts to measured energy expenditure. Their laboratory study evaluated 50 adults (mean age 24.8 ± 4.2 years) while they walked or ran on a treadmill at three different speeds (4.83, 6.44, and 9.66 km/ hr [3.0, 4 .0, and 6.0 miles/hr]) concurrent with the measurement of oxygen consumption. Results indicated a strong relationship between accelerometer counts and oxygen consumption (r = .88) and shared variance of R 2 = .82. The authors developed accelerometer-count ranges for light, moderate, and vigorous PAI levels (≤1,951, 1,952-5,724, and ≥5,725, respectively) . A number of follow-up studies from other groups have found comparable results from similar walking and running calibration studies, with shared variance values ranging from R 2 = .59 to R 2 = .89 and PAI demarcations ranging from 1,810 to 2,260 counts/min for the lower margin of moderate PAI and 5,659-6,893 counts/min for the lower margin of vigorous PAI (Brage, Wedderkopp, Franks, Andersen, & Froberg, 2003; Hendelman, Miller, Baggett, Debold, & Freedson, 2000; Leenders, Nelson, & Sherman, 2003; Nichols, Morgan, Chabot, Sallis, & Calfas, 2000; Yngve, Nilsson, Sjostrom, & Ekelund, 2003) . Common to all these published calibration studies has been the use of young (mean age range 23-30 years old) apparently healthy men and women. However, multiple studies are employing these devices and these equation estimates in older samples (Copeland & Esliger, 2009; Fox, Stathi, McKenna, & Davis, 2007; Gerdhem, Dencker, Ringsberg, & Akesson, 2008) , as well as across the life span (Metzger et al., 2008; Troiano et al., 2008) , to describe physical activity patterns, with little evidence to support whether these equation estimates are appropriate to use in different age populations.
Another aspect common to published accelerometer calibration studies is the use of prediction formulas expressed in absolute PAI terms (i.e., METs to derive moderate-[3-6 METs] and vigorous-intensity activity [>6 METs]; Ainsworth et al., 1993; Pate et al., 1995) . Although the utility of absolute PAI allows for comparisons of results across multiple studies, an essential component to summarize relevant literature findings, it may also produce erroneous results when classifying PAI across different age groups. For instance, an absolute 3-MET activity may constitute a light relative PAI for a 20-year-old but a vigorous relative PAI for a 60-year-old.
To date, there is a paucity of calibration studies that have examined the utility of accelerometers across different age ranges and, further, examined accelerometer output differences when expressed as an absolute versus relative PAI. Therefore, the primary purpose of this study was to explore the relationships between accelerometer counts and measured oxygen consumption across a heterogeneous group of adults across a wide range of ages. A secondary purpose was to examine whether differences were evident when expressing accelerometer results in absolute PAI compared with relative PAI across different age groups.
Methods

Participants
Ninety participants age 20-29 years (n = 30, mean age 24.6 ± 2.5 years), 40-49 years (n = 30, mean age 44.6 ± 2.8 years), and 60-69 years (n = 30, mean age 64.3 ± 2.9 years) were recruited via posted flyers and word of mouth from a large Midwestern urban community. Participants in this study were healthy, able-bodied men and women free of cardiovascular, pulmonary, or metabolic diseases or orthopedic conditions that may have impaired their ability to safely perform treadmill walking and/or running. Participants were informed of potential risks and benefits of participation and signed an informed-consent document approved by the university institutional review board before study commencement.
Demographic and Anthropometric Testing
Participants completed a standard health history questionnaire and were excluded from the study if they had any orthopedic conditions that impaired their ability to safely perform treadmill walking or running or reported having prior cardiovascular, pulmonary, or metabolic diseases. Height (cm) and body mass (kg) with no shoes and minimal clothing were measured with a calibrated stadiometer and physician's scale (Detecto, Kansas City, MO) before an exercise testing session.
Submaximal Exercise Protocol
Before testing, participants were instructed to abstain from caffeine, stimulants, and exercise for at least 4 hr. Participants were fitted with a Polar (S610i, Polar Electro, Oy, Kempele, Finland) heart-rate monitor and transmitter band. An Actigraph 7164 accelerometer (Actigraph, LLC, Pensacola, FL) was fastened to an elastic belt and worn on the right anterior axillary line at waist level. Estimated maximal heart rate was calculated for each individual with the following equation: 208 -(0.7 × age) (Tanaka, Monahan, & Seals, 2001 ). Participants were familiarized with the treadmill (Trackmaster Treadmill, Newton, KS) before starting the test. Throughout the test expiratory gases were collected and analyzed by means of a computerized metabolic measurement system (TrueOne 2400, ParvoMedics, Sandy, UT). The submaximal exercise test was a continuous walking and/or running protocol consisting of 5-min stage durations. All participants began the continuous protocol at 3.22 km/hr (2.0 miles/hr), with subsequent increases in intensity to 4.02 km/hr (2.5 miles/hr), 4.83 km/hr (3.0 miles/hr), 5.63 km/hr (3.5 miles/hr), 6.44 km/hr (4.0 miles/hr), 9.66 km/hr (6.0 miles/hr), 11.3 km/hr (7.0 miles/hr), and 12.9 km/hr (8.0 miles/hr). Grade was held constant at 0% for the duration of the test. The test continued until the participant reached 85% of age-predicted maximal heart rate or indicated a desire to discontinue the test (American College of Sports Medicine, 2006).
Actigraph Accelerometer
PAI was recorded using an Actigraph 7164 accelerometer, a lightweight (42 g) and small (5.08 × 4.06 × 1.53 cm) lithium-battery-powered uniaxial accelerometer. It is capable of recording accelerations ranging from 0.05 to 2 G with frequencies of 0.25-2.5 Hz (Tryon & Williams, 1996) . Accelerometers were initialized according to the manufacturer's specifications approximately 1 hr before each participant trial. The accelerometers were set to record in 60-s epochs for the adult population in this study. Pre-post accelerometer calibrations were conducted via a Calibrator64 (Actigraph LLC, Pensacola FL), which revealed a response within ±5% in accordance with manufacturer specifications.
Indirect Calorimetry
Oxygen consumption was recorded in 1-min intervals using standard open-circuit indirect calorimetry techniques. A mouthpiece was connected to a Hans Rudolf 2700 two-way nonrebreathing valve (Kansas City, MO). The mouthpiece was connected to a flexible plastic tube in which expired air was directed to the metabolic measurement system. The system analyzed concentrations of oxygen and carbon dioxide and volume of ventilation. This metabolic measurement system has been shown to be valid across a wide range of exercise intensities (Bassett et al., 2001 ).
Data Analysis
Data from accelerometers were downloaded from a user interface via serial port and imported into a Microsoft Excel file. Minutes 4 and 5 of each stage were averaged to create a mean value to reflect counts per minute for each stage interval. Data collected from indirect calorimetry were analyzed by taking the mean of Minutes 4 and 5 of each stage to represent the oxygen cost of that particular stage. Results from the submaximal test were used to predict VO 2max by using the extrapolation of heart-rate value to an age-predicted maximal heart rate (208 -[0.7 × age]; Tanaka et al., 2001) . Metabolic equivalents (METs) of each stage of the treadmill protocol were calculated by dividing steady-state VO 2 (ml · kg -1 · min -1 ) by 3.5 ml · kg -1 · min -1 to yield measured METs. Percent maximal oxygen uptake (VO 2max ) for each treadmill stage was also calculated by dividing the measured VO 2 (ml · kg -1 · min -1 ) by the estimated VO 2max value and multiplying by 100. Accelerometer cut points were calculated by rearranging the regression equations to solve for the lower and upper margins of absolute (3-6 METs; Ainsworth et al., 1993; Pate et al., 1995) , and relative (45-59% VO 2max ; U.S. Department of Health and Human Services, 1996) moderate PAI. In addition, mean accelerometer counts per minute for each age group were inserted into three commonly used equations (Brage et al., 2003; Freedson et al., 1998; Yngve et al., 2003) to yield predicted METs for the treadmill walking at 3.22, 4.83, and 6.44 km/hr and running at 9.66 km/hr. These three prediction equations were chosen because they were developed via laboratory treadmill protocols with two walking speeds and at least one running speed. Brage et al.'s equation additionally used estimated fitness levels from each age group to compute estimated METs.
Descriptive statistics are expressed as M ± SD; all other data are reported as M ± SE. Pearson's correlation coefficients were calculated to explore relationships between accelerometer counts per minute and measured VO 2 . Linear-regression analyses were performed to predict absolute and relative PAI from accelerometer counts per minute for all age groups. A mixed between-by-within analysis of variance was completed across age, equation, and speed at 3.22, 4.83, and 6.44 km/hr for all age groups and additionally for the 20-to 29-year and 40-to 49-year groups at 9.66 km/hr to detect differences among measured and predicted METs. There were only 3 participants from the 20-to 29-year age group, one from the 40-to 49-year age group, and none from the 60-to 69-year age group who completed the final stage of the treadmill test (12.9 km/hr), so that stage was removed from the analysis. In addition, only one 60-to 69-year participant was able to complete the 11.3-km/hr stage, so the older age group for that stage was also removed. All statistical analyses were carried out using SPSS 16.0 for Windows (SPSS, Chicago, IL) with significance set at p < .05.
Results
All participants (N = 90) completed the protocol designed for this study, 30 individuals in each of the following age categories: 20-29 years, 40-49 years, and 60-69 years. Of the 20-to 29-year, 40-to 49-year, and 60-to 69-year groups, 90%, 77%, and 53% reached 85% of their age-predicted maximal heart rate ± 10 beats/min, respectively. Reasons for not reaching the 85% heart-rate estimation included leg fatigue, shortness of breath, overall fatigue, and the inability or desire to run. Participant characteristics are depicted in Table 1 . Mean estimated VO 2max measured in this study revealed significant differences across age groups (p < .01), but measurements were within the 50th-percentile range of normative values for the age groups developed from population data (American College of Sports Medicine, 2006). There were no significant differences apparent for estimated VO 2max between genders.
On examination of the relationship between accelerometer counts and measured VO 2 for each age group, results showed significant positive correlations across all speeds, with r = .94 for the 20-to 29-year group, r = .89 for the 40-to 49-year group, and r = .79 for the 60-to 69-year group (all significant at p < .001). When correlations were established combining all groups together (N = 90), the correlation coefficient was r = .90 (p < .001), indicating a strong relationship between accelerometer counts and measured VO 2 values during walking and running. Within each age category (n = 30), linear regression was performed to predict PAI (absolute intensity [METs] and relative intensity [percentage of VO 2max ]) from accelerometer counts. Two prediction equations (one absolute and one relative intensity) were created for each age group (20-29, 40-49, and 60-69 years); thus, six prediction equations were developed in total. Corresponding cut points highlighting absolute moderate PAI (3-6 METs; Table 2 ) and relative moderate PAI (45-59% VO 2max ) were developed for each age category (Table 3) .
Data from this study showed a strong linear relationship between accelerometer output and measured METs across all three age groups (R 2 = .62-.89). Results expressed relative to percent VO 2max revealed a range in the strength of relationship between accelerometer output and percent maximal capacity across each group, with the 60-to 69-year group showing the weakest relationship (R 2 = .45), followed by the 40-to 49-year group (R 2 = .66) and the 20-to 29-year group (R 2 = .78). Figure 1 depicts the median and interquartile range for counts per minute recorded for each speed by age group. Results generally showed no differences in Figure 1 -Box plot summarizing medians, 25th and 75th percentiles, and range of accelerometer counts per minute across speed by age group. *Statistically different from 60-to 69-year group, p < .05. Note. The 60-to 69-year group was omitted from 11.3 km/ hr because only 1 participant finished that speed. counts per minute across age groups across speed, with the only notable difference being between the 60-to 69-year group and 20-to 29 and 40-to 49-year groups at 9.66 km/hr (p < .05). ANOVA revealed significant differences for measured METs across age groups for selected speeds. Significant differences were also seen across predicted values derived from published equations for most speeds for referent measured values within each age group. Measured and predicted absolute MET values, as well as significant differences, are depicted in Table 4 . 
Table 2 Previously Published and Newly Developed Absolute Physical-Activity-Intensity Prediction Equations and Cut Points
Table 4 Measured and Predicted Physical Activity Intensity Expressed in Metabolic Equivalents
Discussion
The ability to accurately assess physical activity is central to clarify the full nature of the relationship between physical activity and health. The last few years have seen the development and implementation of objective monitoring techniques to study physical activity behavior, with the use of accelerometry substantially growing in popularity. Subsequently, numerous accelerometer regression equations and a multitude of accelerometer cut points delineating PAI have been created (Brage et al., 2003; Freedson et al., 1998; Hendelman et al., 2000; Leenders et al., 2003; Nichols et al., 2000; Swartz et al., 2000; Yngve et al., 2003) . This has created some uncertainty in the field as to which equation should be used or adopted. Furthermore, when different equations are used to predict PAI from accelerometer output across different studies, it becomes difficult to draw conclusions from data sets or compare results (Matthew, 2005) . This is further complicated by the fact that the currently available regression-derived accelerometer cut points demarcating PAI levels were largely drawn from calibration studies involving walking and running activities in young populations. Irrespective of this calibration limitation, accelerometers are being used to assess physical activity behavior in a variety of populations, including the elderly (Copeland & Esliger, 2009; Fox et al., 2007; Gerdhem et al., 2008) . The current study set out to extend findings to address the ability of accelerometer to assess PAI across a broader age group using the same laboratory walking and running speeds employed in prior calibration studies with young adults.
The principal finding from this study was that there were no differences in mean accelerometer counts per minute by age group for each speed between 3.22 and 6.44 km/hr. At 9.66 km/hr the 60-to 69-year group mean was significantly different from the 20-to 29 and 40-to 49-year group means (p < .05), but this may have been the result of a factor of sample size, with only 7 older adults able to complete this treadmill stage. The corresponding absolute moderate-PAI cut points calculated from these data for individual age groups and the whole group combined are in general agreement with the current literature. For instance, Freedson et al. (1998) reported a range of 1,952-5,724 counts/min for moderate PAI in a sample of 50 individuals with a mean age of 24 years. Brage et al. (2003) , in a sample of 12 men 23-30 years of age, reported ranges of 1,810-5,849 counts/min from walking and running calibrations. Yngve et al. (2003) also reported moderate-PAI count ranges of 2,260-5,896 in a sample of 28 participants averaging 24 years of age. Overall findings from the current study suggest strong similarities between moderate absolute PAI accelerometer ranges irrespective of age.
We further compared METs across published equations by predicting absolute PAI with the mean accelerometer counts per minute from selected stages in the current study. Even though there were significant differences in measured MET values across age groups within the same speed, differences were relatively small. The predictive validity of all published regression equations was significantly different from measured MET values within the same speed across different age groups, with under-and overpredictions ranging in error from 8% to 34%. New data from the current study found no directionality in the percentage differences from measured absolute PAI across published equation with increasing age. Collectively, results finding strong similarities in moderate-PAI accelerometer cut-point ranges and no directionality in error based on age lend to the fact that employing previously published regression formulas is acceptable for different age groups when employing them to derive moderate absolute PAI lev The current study also set out to examine differences in predicting PAI from accelerometer counts when data are expressed relative to individuals' maximal aerobic capacity, rather than using absolute PAI levels. Absolute PAI can be quantified by METs. Moderate PAI is equivalent to 3-6 METs in absolute terms; however, as the population ages, VO 2max decreases (Fitzgerald, Tanaka, Tran, & Seals, 1997; Foster, Hume, Dickinson, Chatfield, & Byrnes, 1986; Hagberg, 1987; Proctor, Sinning, Walro, Sieck, & Lemon, 1995; Sallis, 2000; . As such, with increasing age, an activity at a given absolute intensity (MET) requires a greater percentage of VO 2max (relative intensity). Typically, PAI is prescribed in relation to an individual's cardiorespiratory fitness as percentage of maximal heart rate or of VO 2max . Epidemiological studies and much of the physical activity literature use absolute physical activity terms to relate to all-cause mortality (Blair et al., 1989; Hakim et al., 1998; Lee, Hsieh, & Paffenbarger, 1995; Paffenbarger, Hyde, Wing, & Hsieh, 1986) , but interventions typically use relative terms to assess specific outcomes. On examination of the current data expressed in relative terms, clear, significant differences arise. Specifically, results showed substantial differences in relative moderate PAI between old (60-69 years) and young (20-29 years) groups (2,847-5,376 vs. 4,573-6,786 counts/min, respectively). Interpretation of the data from the current study would therefore suggest that 3,000 counts/min would represent a light PAI for a 20-or 40-year-old but a moderate PAI for a 60-year-old. Moreover, 5,500 counts/min would represent a moderate PAI for a 20-or 40-year-old, similar to the absolute cut points discussed previously, but a vigorous PAI for a 60-year-old. Mean accelerometer data from Stage 5 (6.44 km/hr) were 5,440 counts/min for the 60-to 69-year group, and 23 of the 30 individuals in that age group terminated the protocol after that stage, thus suggesting that this older sample's fitness level would not permit most individual intensities registering at 6,000 counts/min or above. This new information regarding differences in age groups is evidence that using an absolute 3-to 6-MET moderate-PAI approach may not be the most accurate option when examining physical activity behavior or assessing physical activity outcomes using accelerometry in samples varying in age from young to old.
The current study is not without limitations. Two estimates were implemented during the testing protocol. The submaximal exercise test was used to create an estimate of each individual's VO 2max capacity. The weaker reported relationships between accelerometer counts per minute for relative PAI than for absolute PAI may be a function of using an estimated VO 2max rather than a measured VO 2max . In addition, even though oxygen consumption was measured in ml · kg -1 · min -1 , resting metabolic rate was not measured, and measured oxygen consumption was divided by a constant 3.5 ml · kg -1 · min -1 to derive metabolic equivalents. Nevertheless, these limitations do not affect the evident relationship shown across age groups, because the same limitation applies to all age groups studied. Furthermore, the weaker relationships shown for the older age group between accelerometer counts and measured oxygen consumption, confirming previous study results (Brandon, Ross, Sanford, & Lloyd, 2004; Fehling, Smith, Warner, & Dalsky, 1999; Nichols, Patterson, & Early, 1992) , may have been a function of biomechanical differences in gait associated with aging. Further study of the use of accelerometers for individuals with functional and mobility limitations is warranted. Overall study results are limited to apparently healthy adults with no prior orthopedic, cardiovascular, or metabolic disease.
The use of currently published accelerometer regression equations to demarcate absolute PAI levels does not appear to be affected with variations in age ranging from 20 to 69 years. The current study's regressed activity counts to absolute PAI (1,908-5,806 counts/min) classifications for moderate PAI were very similar to previously published and used values such as those of Freedson et al. (1998; 1,952-5,724 counts/min) . This information reinforces the idea that there is no need to recreate different cut points based on age when interested in accelerometerderived absolute PAI measures. However, when results are expressed relative to an individual's maximal PAI level (aerobic fitness), large differences appear. Expressing PAI via accelerometer in relative terms may better define the dose response of physical activity associated with health relationships across the life span and provide more accurate estimates of physical activity behavior in different age populations to account for age-associated differences in PAI. Future studies should explore alternative efforts to improve accelerometer PAI predictions relative to individual age or fitness level.
